Summary Eighty children with nephrotic syndrome underwent lumbar spine densitometry and vertebral morphometry soon after glucocorticoid initiation. We found an inverse relationship between glucocorticoid exposure and spine areal bone mineral density (BMD) Z-score and a low rate of vertebral deformities (8%). Introduction Vertebral fractures are an under-recognized complication of childhood glucocorticoid-treated illnesses.
Introduction
Childhood nephrotic syndrome (NS) is characterized by proteinuria, edema, and hyperlipidemia. The annual incidence of NS varies from 1:15,000 to 1:50,000 [1] . Children with their first episode of idiopathic NS are treated with a widely accepted high-dose glucocorticoid (GC) regimen for 4 to 6 weeks (typically prednisone 60 mg/m 2 /day) followed by a reduced but still supra-physiological dose over a similar time interval (prednisone 40 mg/m 2 every other day) [2] . With this initial regimen, one third of patients will enter into permanent remission; another third will require re-initiation of GC therapy for up to 6 weeks duration at infrequent intervals, and the final third will either require frequent courses of pulse GC therapy or chronic daily immunosuppressive therapy [3] .
GCs are known for their adverse effects on skeletal health, highlighted in a large, epidemiological study describing increased extremity fracture rates among children treated with GCs for a variety of underlying conditions [4] . Studies in adults treated with GCs for systemic disorders suggest that GC therapy impairs trabecular bone metabolism [5, 6] , with estimates that up to 50% of adults receiving GCs for more than 1 year will develop osteoporotic (including vertebral) fractures [7, 8] . In adults with systemic disorders, vertebral fractures can occur early in the course of GC treatment, attributed to the rapid loss of bone mass in the first few months of therapy [6] .
Similarly, reductions in lumbar spine areal bone mineral density (LS BMD) have been documented during the initial high-dose GC treatment phase in children with NS [9, 10] , and modest deficits in LS bone mineral content have been shown following years of intermittent GC therapy for steroid-sensitive disease [11] . Overt bone fragility manifesting as vertebral fractures has also been reported in children with NS following the initial GC treatment phase in the context of a treatment study [10] , and later in the disease course [12] . However, the frequency and characteristics of vertebral deformities in pediatric NS as well as their relationship to clinical factors have not been well studied. Therefore, we sought to determine the prevalence and characteristics of vertebral deformities around the time of GC initiation in an inception cohort of children with GCtreated NS. Other goals of the study were to describe the relationship between vertebral deformities and relevant clinical indices such as LS BMD, back pain, GC exposure, and calcium and vitamin D intake.
Subjects and methods

Patients and study design
Patients were recruited through the Canadian STeroidAssociated Osteoporosis in the Pediatric Population (STOPP) research program, a national research initiative that studies bone morbidity in children with steroid-treated illnesses. The decision to initiate GC therapy was made clinically prior to consideration for study enrolment.
Patients from 1 month to 17 years of age were enrolled between January 1, 2005 and December 31, 2007 in 10 participating tertiary care children's hospitals. All patients were targeted for evaluation within the first month of GC initiation. Children were included in the study if they met the clinical criteria for NS, including edema, proteinuria >960 mg/m 2 /day or urine protein/creatinine >0.2 g/mmol, and serum albumin <25 g/L. Idiopathic NS was diagnosed either clinically (following an appropriate response to GC treatment in the first month of therapy, presumed minimal change disease) or confirmed by renal biopsy (biopsyconfirmed minimal change disease). NS due to focal segmental glomerulosclerosis and membranoproliferative glomerulonephritis was also confirmed on renal biopsy. The diagnosis of Henoch-Schoenlein purpura was made on clinical grounds.
Children were excluded if GCs had previously been used at any time for treatment of the underlying disease. Patients were also excluded if they had received intravenous or oral GCs for more than 14 consecutive days in the 12 months preceding study enrolment to treat any other medical condition (e.g., asthma), if they had received prior medication for osteoporosis or if they had received calcium or vitamin D supplementation that exceeded the Dietary Reference Intake for age [13] .
The study was approved by the research ethics board in each participating institution, and informed consent/assent was obtained prior to study enrolment, as appropriate.
Clinical evaluation
Demographic and anthropometric data were recorded. Raw values for height, weight, and body mass index [BMI; weight (kilograms) divided by height squared (square meters)] were transformed into age-and gender-matched Z-scores according to the United States Center for Disease Control National Center for Health Statistics normative database [14] except for children under 2 years of age, for whom BMI Z-scores were calculated according to the World Health Organization child growth standards [15] . Pubertal staging was carried out according to the methods of Marshall and Tanner [16, 17] . The presence or absence of reported back pain in the 3 months preceeding enrolment was recorded.
Calcium and vitamin D intake were assessed by a validated food frequency questionnaire [18] . Intake for each nutrient was expressed as the percent of the adequate intake value based on the nutrient's Dietary Reference Intake [13] . Calcium and vitamin D intake by supplementation was added to the dietary intake to arrive at a total daily intake for both nutrients. For descriptive purposes the percentage of adequate intake scores were then classified as <50% of the age-related Dietary Reference Intake, ≥50 and <100% of the Dietary Reference Intake, or ≥100% of the Dietary Reference Intake. Calcium and vitamin D supplementation (yes/no) variables were chosen as clinically relevant covariates to include in the regression modeling. Physical activity was assessed according to the Habitual Activity Estimation Scale as previously described [19] . For descriptive purposes, the number of very active weekend hours was compared to Canada's recommended guidelines for daily physical activity for children [20] . Tertiles of very active weekend hours were included in the regression models.
Glucocorticoid exposure
The dose of systemic GC therapy (oral and intravenous) was converted into prednisone equivalents, and results were expressed in three ways, as previously described [21] [22] [23] :
(1) cumulative GC dose, defined as the amount of GC in prednisone equivalents (milligrams per square meters) received during a given observation period; (2) GC dose intensity, defined as the cumulative dose in prednisone equivalents (milligrams per square meters), divided by the number of days actually taking GCs; and (3) average GC dose, defined as the cumulative dose in prednisone equivalents (milligrams per square meters) divided by the total number of days during the observation period.
Radiological assessment BMD was measured in the anterior-posterior direction at the LS (L1-L4) by dual-energy X-ray absorptiometry using either Hologic machines (QDR 4500, three centers; Discovery, two centers; Delphi, one center) or Lunar Prodigy (four centers). Machines were cross-calibrated using a Hologic spine phantom (serial number 2603). The phantom was scanned 10 times on each machine without repositioning, and the mean value was used to derive crosscalibration factors. Data were converted to Hologic units, and Z-scores were generated using the Hologic 12.4 normative database.
Bone age and second metacarpal morphometry on a left hand radiograph were also carried out as described in a previous publication by the Canadian STOPP Consortium [19] .
Vertebral deformity assessment was carried out independently by two radiologists (NS, MM) from T4 to L4 [19, 24] . Discrepancies between the first two readers were resolved by a third expert radiologist (BL) who was blinded to the results of the other two, as previously described [19] .
The Genant semiquantitative method for vertebral morphometry, the primary spine film assessment method for this study, was performed in the following manner. Vertebral bodies were first assigned a severity score: grade 0 (normal), grade 1 (mild), grade 2 (moderate), or grade 3 (severe). The morphometric grading corresponded to the extent of the reduction in height ratios when the anterior vertebral height was compared to the posterior height (wedge deformity), the middle height to the posterior height (biconcave deformity), and the posterior height to the posterior height of the adjacent vertebral bodies (crush deformity). The scores corresponded to the following reduction in height ratios: grade 0, 20% or less; grade 1, >20-25%; grade 2, >25-40%; grade 3, >40%. Grade 0 was considered to be normal while higher grades were considered a deformity. Minimal physiological rounding of vertebral bodies in the mid-thoracic region of the spine, as can be seen in normal children, was assigned a grade 0 score [25] .
As a secondary and exploratory assessment of vertebral deformities, lateral spine radiographs were also reviewed for radiological signs of fracture according to the algorithmbased qualitative (ABQ) method [26] , including loss of endplate parallelism, endplate depression, and anterior cortical buckling.
Statistical analyses
All analyses were conducted using SPSS 16.0 (SPSS Inc., Chicago, IL). Categorical variables were summarized using frequency and percentage. Normally distributed continuous variables were summarized using mean and standard deviation. Non-normally distributed continuous variables were summarized using median and minimum, maximum. The 95% confidence intervals (CI) for the proportion of patients with vertebral deformities were calculated using the Wilson score method [27] . Z-score variables were compared to the healthy average (Z-score=0) using a one-sample Student's t test to assess whether the patient population significantly differed from the normal reference values. In addition, children with vertebral deformities were compared to those without using Wilcoxon Mann-Whitney and Fisher exact tests. Presented p values are two sided. A p value ≤0.05 was considered significant.
Scatter plots were generated in order to visually explore relationships between clinical covariates and LS BMD Z-score, and to identify potential outliers. Multiple linear regressions were carried out to identify clinical parameters associated with LS BMD Z-score. Height and weight Z-scores were included in all linear regression models to adjust for bone size. GC exposure (in prednisone equivalents) was also included in the models since this was the clinical parameter of primary interest. The following covariates (in addition to the three mentioned above) were chosen a priori based on clinical relevance: age, gender, physical activity (very active weekend hours divided into tertiles), vitamin D and calcium supplementation, and underlying NS diagnosis (minimal change disease versus other diagnoses).
Results
Patient characteristics
Eighty children (46 boys, 58%) were enrolled in the study at a mean of 18.6 days (range 0 to 37 days) following GC initiation (Table 1) . Fifty-four percent of the children were White; the remainder was Aboriginal (10%), South Asian (10%), Black (1%), and mixed or other ethnicity (25%). Height Z-scores were significantly above the normal average (p=0.028), as were weight (p<0.001) and BMI (p<0.001) Z-scores.
Vertebral deformity and second metacarpal morphometry
Six of the 78 children with spine radiographs (8%; 95% CI 4 to 16%) manifested a single, Genant grade 1 deformity each. All of these deformities were mild anterior wedging in the mid-thoracic region (two each at T6, T7, and T8). Exploratory analyses of ABQ vertebral deformity signs found that 4 of 78 children (5%; 95% CI 2 to 13%) manifested ABQ signs of vertebral fracture (one radiological sign each due to loss of endplate parallelism in all cases; two at T6, and two at T8), with the 2 children having a Genant grade 1 deformity at T8 also manifesting an ABQ sign of fracture in the same vertebral body. A total of eight children (10%; 95% CI 5 to 19%) showed evidence of vertebral deformity by one or both methods; none of these reported back pain. Examples representative of the vertebral deformities detected in this cohort are presented in Fig. 1a -c. Table 2 describes children with vertebral deformities and those without, as defined by the Genant method (our primary method for characterization of vertebral deformity).
Metacarpal morphometry
Analysis of second metacarpal morphometry revealed above average metacarpal length Z-score (0.44, 95% CI 0.21 to 0.66, p<0.001), combined cortical thickness Zscore (0.30, 95% CI 0.09 to 0.51, p=0.005), and percent cortical area Z-score (0.28, 95% CI 0.09 to 0.46, p=0.004; Table 1 ).
Bone densitometry
The mean LS BMD Z-score was significantly below the healthy average for the entire cohort (−0.54, 95% CI −0.78 to −0.30, p<0.001). LS BMD Z-scores were similar between patients with and without vertebral deformities ( Table 2) . The relationship between LS BMD Z-score and clinical parameters was assessed by multiple regression analysis (Table 3) . Cumulative GC dose was inversely related to LS BMD Z-score after adjusting for the clinical covariates chosen a priori as being the most clinically relevant. For every additional gram of cumulative GC dose per body surface area (square meters), LS BMD Z-score was lower by 0.37 SD (95% CI, −0.69 to −0.04). Similar relationships were found for GC dose intensity (p=0.007), and average GC dose (p=0.006). One patient was identified as having an extreme outlying value (i.e., value exceeding the third quartile+3×IQR) for GC dose intensity (458 mg/m 2 /day) and average GC dose (458 mg/m 2 /day); therefore, this outlying value was excluded from models 2 and 3 (but not from model 1). When the outlying value was included (models not shown), there was no association between GC exposure and LS BMD Z-score for GC dose intensity (β −0.003, 95% CI −0.008 to 0.002, p=0.19) or for average GC dose (β −0.003, 95% CI −0.008 to 0.001, p=0.17).
Discussion
One of the key findings in this study was the observed inverse relationship between short-term GC exposure and LS spine BMD among children who recently initiated GCs for the treatment of NS. This relationship was consistent for all three methods used to quantify GC exposure, including cumulative GC dose, GC dose intensity, and average GC dose. The possibility that even short-term, high-dose GC therapy can have a deleterious effect on spine BMD in pediatric NS is not inconceivable, given a number of supporting observations in the literature. First, it is well known that GCs have a predilection for interference with trabecular bone architecture, both in humans [6] and in animal models [5] . Furthermore, bone resorption markers increase acutely in adults with NS following administration of GCs [28] , and are associated with a significant decline in spine BMD after a few weeks of therapy in both adults [28] and children with NS [9] . In addition, spine BMD has been shown to decline rapidly in adults following GC initiation for organ transplantation [29] . These reports and our study attest to the potential for insult to spine BMD after shortterm GC use, with the effects of longer-term administration highlighted in a large cross-sectional case-control study which showed after 4 years of GC exposure that spine bone mineral content in children with steroid-sensitive NS was reduced compared to controls [11] . In a recent study using peripheral quantitative computed tomography (pQCT) at the tibia, GC-treated children with NS showed greater cortical volumetric BMD and cortical area, and lower trabecular volumetric BMD compared to controls [30] . Similar results were reported by Hegarty et al., who found by pQCT a significant reduction in distal radial trabecular volumetric BMD, but no reduction in total volumetric BMD in young adults who had NS during childhood [31] . We did not use pQCT to assess the effects of GCs on the trabecular and cortical compartments separately. However, we did observe a decrease in BMD at the spine (a trabecular-rich site) but increased cortical thickness at the second metacarpal. Our results are therefore in line with previous reports [30, 31] suggesting disparate effects of GCs on cortical and trabecular sites.
At the same time, we found the prevalence of vertebral deformities early in the course of GC treatment to be low, with the vast majority of patients in this cohort treated according to the standardized international protocol (prednisone 60 mg/m 2 /day for 4 to 6 weeks). Specifically, we have demonstrated a vertebral deformity prevalence rate of 8% (95% CI 4 to 16%) according to the Genant protocol, our primary vertebral assessment method. Indeed, we would not expect a high rate of vertebral deformity early in the course of GC exposure, since the path to fractured bone begins with alterations in bone architecture and density, with loss in bone strength observed following acute declines in LS BMD [6, 29] .
The clinical significance of the observed vertebral deformities remains unclear and merits discussion, particularly since this is an inaugural study in its assessment of vertebral body height ratios early in the course of pediatric GC-treated NS. First of all, it is possible that these changes represent normal variants, especially given that none of the children with vertebral deformities reported back pain. At the same time, the lack of back pain does not negate the possibility that these deformities represent fractured bone, since vertebral fractures have been described without back pain in postmenopausal osteoporosis [32] , in children with long-standing histories of rheumatic conditions [33] , and in childhood acute lymphoblastic leukemia [19] . Furthermore, a recent pediatric study by Gaca et al. [34] showed 95% of healthy children had anterior wedging (the same deformity reported in our cohort) at the thoracolumbar junction that was represented by less than an 11% reduction in the anterior to posterior height ratio. The authors suggested that reductions in excess of 11% should raise the suspicion of vertebral injury. In our study, a reduction in height ratio of 20% or more was considered a vertebral deformity. At the same time, we note that the study by Gaca et al. [34] was carried out using a different imaging approach (computed tomography) and from T10 to L3 exclusively. Whether a normal cutoff around 11% would apply to the mid-thoracic region, the site of vertebral deformities in our cohort and also the site where minimal physiological rounding of vertebral bodies is frequently seen in children [35] , remains to be determined. To date, there are no available normative data for vertebral morphometry by lateral radiograph among healthy children, a fact which renders interpretation of the clinical significance of our vertebral findings difficult.
Interestingly, the mid-thoracic region (T6-T8) is the most frequent site for both mild and more severe vertebral fractures in adults [36] [37] [38] [39] , as well as in children with acute lymphoblastic leukemia [19] and rheumatic conditions [40] . This distribution is suggested to result from the relatively increased mechanical stresses on vertebrae at these sites imposed by the shape of the spine [41] . Furthermore, studies in adults have shown that grade 1 deformities are clinically important, since they are associated with an increased risk for future (incident) vertebral fracture [42] . Whether the grade 1 deformities in our report will be associated with increased risk for incident vertebral fractures in the face of ongoing bone health threats remains One patient identified as having an extreme outlier value for GC dose intensity (458 mg/m 2 /day) and average GC dose (458 mg/m 2 /day) was excluded from models 2 and 3, as described in the results a Total amount of GC received during the observation period relative to body surface area (grams per square meters)
b Ratio between the total amount of GC received during the observation period and the number of days when GC treatment was received. This ratio was expressed relative to body surface area c Ratio between the total amount of GC received during the observation period and the number of days since the first GC was taken. This ratio was expressed relative to body surface area d As measured by the Habitual Activity Estimation Scale. Highest tertile of very active weekend hours vs. tertiles 1 and 2 to be determined through further longitudinal assessment of our cohort.
We sought to explore the clinical significance of these findings by describing children with vertebral deformities compared to those without; however, the small number of children with vertebral deformities limited our power to detect differences. While the lack of statistical association between LS BMD, a key clinical parameter, and vertebral deformities could be a function of limited power, it is also possible that the time course following GC initiation was simply too short for vertebral fractures to manifest clinically, as previously mentioned. On the other hand, it should be noted that an absence of association between spine BMD and vertebral fractures has also been reported in postmenopausal women with GC-treated rheumatic disorders, where those with vertebral fractures had similar LS BMD results compared to those without [43] . The absence of a relationship between spine BMD and vertebral fractures among GC-treated patients has been postulated to result from alterations in bone mass or architecture that are not readily discernable by BMD testing in the anteriorposterior direction compared to the more sensitive widthadjusted approach which removes the dense posterior spinous processes from the projected scan [30, 44] .
Limitations to our study merit consideration. While our overall research program is predicated upon within-subject change during longitudinal follow-up in key parameters such as vertebral morphometry and spine BMD, the description of this inception cohort at the time of study enrolment is based on uncontrolled, cross-sectional evaluation of spine status in relation to relevant clinical parameters. Another limitation is that to optimally assess the impact of GCs on skeletal health in the short term, it would have been ideal to obtain the first study visit prior to GC initiation, as opposed to shortly thereafter. For logistical reasons this was not possible, as NS treatment would then have been delayed. In addition, we were unable to measure 25-hydroxyvitamin D levels in this study; beyond vitamin D intake (which we found to be frequently reduced in children with spine deformities compared to those without), the impact of circulating levels of 25-hydroxyvitamin D on bone strength in steroid-treated children with NS deserves further study. Finally, while this is the first study to assess vertebral morphometry in pediatric GC-treated NS with only six patients harboring deformities, it is possible that some of the clinical variables were in fact related to the vertebral deformities but that these relationships went undetected due to insufficient power. Nevertheless, this study provides a novel description of vertebral morphometry in GC-treated NS and the basis for further longitudinal comparison.
In conclusion, we observed an inverse relationship between GC exposure and LS BMD Z-score in children following short-term GC treatment for NS and a low rate of vertebral deformity at this time point. Additional studies are required before more definitive conclusions can be drawn about the clinical significance of the observed vertebral deformities and the impact of short-term steroids on spine health in children with NS. Further light will be shed through documentation of the clinical outcomes in these children with early deformities and through assessment of the incident vertebral deformity rate in the face of further GC exposure. 
